Fragmentation of molecular clusters inside mass spectrometers is a significant source of uncertainty in a wide range of chemical applications. We have measured the fragmentation of sulfuric acid clusters driving atmospheric new-particle formation, and developed a novel model, based on first principles calculations, capable of quantitatively predicting the extent of fragmentation. † Electronic supplementary information (ESI) available: Chemicals used in the experiments, description of the experimental set-up, fragmentation experiments and transmission measurement, quantum chemistry calculations, fragmentation rate constants and density of states, short description of the model, effect of carrier gas properties, modelling the pressure inside the APi, evaluation of the uncertainties of the simulations. See
Recent developments in high-resolution mass spectrometry have made possible the direct detection and monitoring of trace gas molecules and molecular clusters at mixing ratios well below one part per trillion (ppt). 1, 2 This has revolutionized the study of atmospheric and environmental chemical processes, 3 such as new-particle formation, and it is also permitting advances in for example exhaled breath analysis 4 and explosives detection. 5 However, the detection of molecular clusters has so far been associated with large uncertainties due to transformations of the clusters within the mass spectrometers. These transformations include both collision induced cluster fragmentation (CICF) inside the ion optics, and chemical reactions induced by the charging process. Charging-induced reactions can in many cases be modelled by high-level quantum chemistry, [6] [7] [8] and are also irrelevant in cases where the original sample consists of charged clusters. We thus focus here on the more general, but poorly understood, CICF process. CICF is known to occur both when the sample consists of molecular clusters, and when the sample consists of individual molecules chemically ionized by clustering with a reagent ion (e.g. NO 3 À ). In some cases, CICF has been used to improve the sensitivity of the instruments, inducing fragmentation of clusters formed in the ion source. 9 CICF can be quantified by calibration in cases where the concentrations of the sample species can be verified by a non-MS method. Unfortunately, the extremely low (ppt or below) concentrations of many key species especially in atmospheric and environmental applications prevents their quantification by any other methods. Modelling approaches for reliably predicting the extent of CICF are thus urgently needed.
We have recently published the first quantitative model for CICF processes based purely on statistical principles and quantum chemical input data, and demonstrated its behaviour for a single instrument chamber with a uniform pressure. 10 In this study, we apply our model to an entire Atmospheric Pressure interface Time Of Flight Mass Spectrometer (APi-TOF-MS), accounting for the pressure gradients between different chambers. We also perform a novel set of experiments, varying key voltages inside the instrument to change the extent of CICF, allowing a direct comparison to, and validation of, our model.
We have chosen the APi-TOF for our testing, as this instrument, especially combined with a Chemical Ionization (CI) inlet, has been the key tool permitting several recent breakthroughs in atmospheric chemistry. 3 These include the molecular-level identification of the main chemical species involved in atmospheric new-particle formation (NPF) in different conditions around the world, 11, 12 as well as the discovery of entirely new types of reaction mechanisms in the atmosphere, which lead to the formation of extremely low-volatility organic compounds. 13 Both NPF and organic low-volatility compounds play crucial roles in forming aerosol particles, and thus impact both air quality and global climate. 14 To quantify CICF, we first separate the thermal reactions related to charging from the CICF using an ElectroSpray Ionization-Differential Mobility Analyser (ESI-DMA) coupled with the APi-TOF. The experiments and the simulations are both carried out using a medium-sized sample cluster ((H 2 SO 4 ) 2 HSO 4 À ).
We chose sulfuric acid as our test system as this molecule, and its clusters, play a key role in NPF. 15 The APi-TOF (Tofwerk) consists of a Time Of Flight (TOF) mass spectrometer and an Atmospheric Pressure interface (APi) used to guide the ions from ambient pressure into the ultrahigh vacuum of the TOF. The combination of the voltages applied to the APi-TOF is called the voltage configuration of the instrument, and it significantly affects the transmission and fragmentation of clusters. 16 In this work, we evaluated how different voltage configurations can affect cluster fragmentation. The experimental set-up, shown in Fig. 1 , consists of an ESI source to produce charged clusters, connected to a Hermann DMA, 17 which separates clusters based on their size. The exit of the DMA is connected to an electrometer and to the APi-TOF. We use compressed air as carrier gas. This set-up allows to select only one type of clusters (according to its electrical mobility) to enter the APi-TOF. Hereafter we will for simplicity refer to bisulfate ions (HSO 4 À ), negatively charged sulfuric acid dimers (H 2 SO 4 HSO 4 À ) and negatively charged sulfuric acid trimers ((H 2 SO 4 ) 2 HSO 4 À ) as sulfuric acid monomer (SA) 1 À , dimer (SA) 2 À and trimer (SA) 3 À , respectively. The ion distribution generated by the ESI source and measured by the electrometer after the DMA is shown in Fig. 2A . The peaks have been identified through the MS spectra: the sharp peak at around 1.1 nm of electrical mobility diameter is the sulfuric acid trimer. Due to the low resolution of the Hermann DMA, in the mobility spectrum ( Fig. 2A ) only the sulfuric acid trimer peak is perfectly separated from the other peaks. The mass spectrum ( Fig. 2B ) corresponding to the (SA) 3 À peak at 1.1 nm shows not only the (SA) 3 À signal, but also peaks at lower masses (SA) 2 À and (SA) 1 À , due to fragmentation inside the APi, at the specific voltage configuration that was used. The higher intensity of (SA) 2 À compared to (SA) 1 À , indicates that the (SA) 3 À is mainly fragmented to a charged dimer and a neutral monomer, demonstrated by the kinetic rate constant calculations for all possible fragmentation channels (see ESI †). From a standard configuration (with 30% of (SA) 3 À fragmentation), other configurations were reached by varying one voltage in the APi one at a time. A schematic representation of the APi is shown in Fig. S1 (ESI †). The percentage of survived sulfuric acid trimers R ðSAÞ 3 À is defined by the percentage ratio of (SA) 3 À :
In our experimental conditions we never observed R ðSAÞ 3 À ¼ 100% (no fragmentation), while for some voltage configurations complete fragmentation R ðSAÞ 3 À ¼ 0% was reached. We have verified that the observed changes in R ðSAÞ 3 À are due to fragmentation of (SA) 3 À and not to mass-dependent transmission efficiency changes (see ESI †). Fig. 3 summarizes the effects of the APi's voltages on (SA) 3 À fragmentation. For each electrode [listed in the x-axis ( Fig. 3 )] the applied voltage was changed (colour coding) and the deviation of R ðSAÞ 3 À from the standard configuration ( y-axis) was calculated. Changing the voltages applied to the nozzle (the pinhole of the APi) up to the end of the 1st quadrupole (Q1-B) did not affect the fragmentation significantly. The same trend was observed for the voltages applied to the electrodes in the 3rd chamber (from Skim2 to Deflectors). In all these cases, these voltages affect the (SA) 3 À fragmentation less than AE15%. The voltages that are crucial to the (SA) 3 À fragmentation are the ones at the end of the 1st chamber and in the 2nd chamber: Lens Skimmer (L-Skim), Skimmer (Skim), Q2-Front (Q2-F) and Q2-Back (Q2-B) . The voltages applied to these electrodes were changed up AE10 V from the standard configuration and (SA) 3 À fragmentation varied between 10% and 100%. These results are in agreement with the data recently reported in literature which identify the Skimmer and the Q2-Front as the voltages that affect fragmentation. 16, 18 The details of our statistical model are explained in Zapadinsky et al. 10 Briefly, the model describes the trajectory of a charged cluster moving through different electrodes under the electric field defined by the voltage configuration, and along the travel distance the electric field, pressure, flux velocity and temperature change according to the conditions inside the instrument. The cluster undergoes collisions with carrier gas molecules, with the collision frequency depending on the carrier gas pressure and properties. These collisions can lead to fragmentation if sufficient energy is transferred to the cluster. After the collision the cluster, depending on its energy and fragmentation rate, can reach the end of the simulated region, experience another collision or undergo fragmentation.
APi-TOF is often used for environmental measurements, and thus the usual carrier gas is air. Therefore, our experiments were performed in air, and we modelled the carrier gas as a mixture of 79% N 2 and 21% O 2 . The cross-section of the carrier gas strongly affects both the collision and fragmentation probabilities. The effect of carrier gas collision cross section on cluster fragmentation is discussed and reported in the ESI † and in Zapadinsky et al. 10 In other fields, e.g. noble gases are often used as carriers, and in this case the model can be accordingly modified to simulate a different carrier gas. In cases where the carrier gas is a polyatomic molecule, e.g. a hydrocarbon, the internal (rotational-vibrational) energy levels of the carrier may also need to be accounted for. Experiments on the effects of carrier gas properties on fragmentation, and comparison with the simulation, will be an object of further studies.
After simulating a statistically significant number of trajectories, we calculate the proportion of fragmented clusters in that particular section of the APi. The crucial part of the model is the description of the energy transfer in collisions (see Fig. 4 ). It is determined by the conservation laws (energy, momentum and angular momentum) and a probability density function (PDF) defined by the density of states of the cluster. More details on the principle for the calculation of PDFs can be found in the ESI. † The energy-dependent fragmentation rate constant, as well as the density of states of the cluster used to define the fragmentation probability, are based on quantum chemistry calculations (see ESI †).
The model reproduces the fragmentation trends observed at the beginning of the first chamber and in the 3rd chamber: in these cases, an increase of the electric field strength does not lead to a significant increase in fragmentation. These results can be explained by the carrier gas density. At the beginning of the 1st chamber the pressure is still high (around 1.5 mbar), and the clusters are not able to reach high velocities because they are slowed down by many collisions with the dense gas. These collisions are thus energetically low, and they do not lead to cluster fragmentation. In the last chamber, clusters can reach high speeds, but they are not fragmented since they are not likely to experience collisions due to the very low pressure. In the 2nd chamber, in particular at the interface between the 1st and the 2nd chamber, clusters are accelerated by the electric field, and they reach high velocities because they experience few collisions with the sparse carrier gas. These collisions occur at energies that often lead to fragmentation. We modelled in detail the region of the APi where the CICF could happen: the region between the Lens Skimmer and Skimmer2. In particular, we studied two cases: (A) only the voltage applied to the Skimmer was varied from À19 V to À7 V (Fig. 5, case A) , (B) only the voltage applied to the Q2-Front was varied from À9 V to À5 V (Fig. 5, case B) . In both cases, the electric potential Fig. 3 The effect of applied voltages on (SA) 3 À fragmentation. Each point corresponds to a different voltage configuration. The electrodes of the APi are listed on the x-axis, the y-axis shows the variation of R ðSAÞ 3 À compared to the standard configuration. Fig. 4 A schematic representation of a collision between the charged cluster (blue sphere) and the carrier gas (green sphere), and the energy transfer and redistribution described in the model. difference between the voltages applied at the L-Skim and Skim2 is constant, whereas voltage differences DV 1 and DV 2 defined in Fig. 5 change during the experiment A, and DV 2 and DV 3 change during the experiment B. The sums (DV 1 + DV 2 ) and (DV 2 + DV 3 ) remain constant, therefore the cluster will accelerate before the Skimmer and decelerate after or vice versa.
In general, these electric potential differences define, together with the distance between the electrodes and the pressure, the region where the velocity of the cluster increases, and where it is most likely fragmented. The principles of calculations of the pressure, flux velocity and temperature used in the model, the analysis of the uncertainty in these parameters as well as in other potential sources of error in (SA) 3 À fragmentation, are reported in the ESI. † The model results are in excellent agreement with the experiments, and they capture the trends of the effects of voltages on the cluster fragmentation. This indicates that the model correctly accounts for CICF inside the APi, and it can be used to retrieve the true concentration of sulfuric acid trimer clusters.
In summary, we studied the fate of (SA) 3 À inside an APi, both experimentally and theoretically. We combined the APi-TOF with a DMA in order to select negative sulfuric acid trimer clusters produced by ESI, † and systematically measured the effect of the voltages applied to the APi on the cluster fragmentation. We have developed a model for CICF and obtained a good agreement between the model and the experiments. We identified the fragmentation region of the APi to be between the end of the 1st chamber until the end of the 2nd one, however the electrodes that can induce fragmentation are located between the end of the 1st chamber and the beginning of the 2nd one. Our model significantly decreases the uncertainties involved in cluster detection by mass spectrometry. The input data required by the model are the experimental conditions (carrier gas, pressure, applied voltages, etc.), the instrument geometry (distances between the electrodes) and quantum chemical data (structures, binding energies and vibrational frequencies) of the studied clusters. The model can be applied to any clusters for which the appropriate quantum chemical data have been computed, as well as any instrument in which an ion cluster moves under an electric field (e.g. IMS-MS). It can also assist future instrument development aimed to decrease the fragmentation of weakly bounded compounds.
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